D
iabetic retinopathy is the most common cause of blindness in individuals greater than 50 years of age, affecting one in three persons with diabetes. 1 It is a chronic vascular complication characterized by low-grade inflammation, serum leakage through microvasculature, loss of capillaries, increased vascular permeability, and eventually neovascularization. 2, 3 The last decade has seen scientific and medical progress on early diagnosis and prevention to combat this condition. However, in this complication, a variety of defects lead to functional and structural alterations in the retina that remain a significant challenge. 4 Endothelial cells (ECs), the main target of hyperglycemic damage, undergo growth, increased permeability, remodeling, and phenotypic alterations in diabetes. 5 Various vasoactive factors are involved in angiogenesis as seen in diabetic retinopathy. However, VEGF signaling in ECs represents a major rate-limiting step in this process. 6 Induced in response to increased oxidative stress, VEGF binds to and activates tyrosine kinase receptors VEGFR-1 and VEGFR-2. Production of VEGF may, however, be regulated at transcriptional and posttranscriptional levels. [7] [8] [9] [10] Transcriptional regulation in mammalian systems is critically characterized by dynamic switching between ''active'' and ''inactive'' states of chromatin in response to extracellular and intrinsic signals. Such signals include histone and DNA modifications as major epigenetic mediators, recently joined by several RNA molecules including microRNAs (miRNAs) and long noncoding RNAs (lncRNAs). 11, 12 Advances in DNA/RNA sequencing techniques have highlighted the existence of numerous noncoding RNA (ncRNA) molecules with significant regulatory roles, impacting both physiology and diseases. [13] [14] [15] [16] In particular, lncRNAs have been shown to be of importance in various biological process such as transcription, translation, splicing, and intracellular/extracellular trafficking. 17 Recent studies have identified large-and small-scale mutations affecting noncoding genomes. Mutations in lncRNAs have been linked to diseases such as cancers, neurodegenerative diseases, and genetic disorders. [18] [19] [20] [21] [22] [23] A recent genome-wide study revealed the existence of lncRNA ANRIL (antisense RNA to INK4 locus). ANRIL has been noted to be significant in cardiovascular diseases, type 2 diabetes, glaucoma, intracranial aneurysm, and cancers. [24] [25] [26] [27] [28] ANRIL consists of 19 exons, spanning 126.3 kb and producing a 3.8-bp RNA. It is situated in the p15/CDKN2B-p16/CDKN2A-p14/ARF gene cluster. 29 ANRIL may have direct transcriptional effects or an indirect role as a recruiter of chromatin remodeling complexes like polycomb repressor complex 2 (PRC2) to specific genomic loci. 30, 31 Overexpression of ANRIL has also been shown to regulate the histone acetylator p300. 32 Its role in epigenetic silencing of specific miRNAs has also been reported. 33 We and others have previously shown that VEGF and other vasoactive factors are regulated at the transcriptional level through p300 and specific miRNAs. [34] [35] [36] We have also shown that, in diabetic retinopathy, microRNA 200b (miR200b) regulates production of VEGF directly or through regulation of p300 and/or through PRC2 complex. 8, 9 ANRIL may work though PRC2 complex and in other systems has been shown to have a regulatory role on p300. 31, 32 Here, we examined the role of ANRIL in regulating VEGF production, its molecular mechanism, and action in diabetic retinopathy. These phenomena were studied in human retinal endothelial cells (HRECs) exposed to various levels of glucose, as well as in retinal tissues of diabetic mice. We further investigated whether ANRIL facilitates such effects by regulating miR200b in concert with the PRC2 complex and p300.
METHODS
All reagents were obtained from Sigma (Oakville, ON, Canada) unless otherwise specified.
Cells
We used HRECs (Olaf Pharmaceuticals, Worcester, MA, USA) grown in endothelial basal media-2 (EBM-2) and supplemented with 10% fetal bovine serum. The cells were plated at a density of 4. LG]) at 75% cell confluency as previously described. 37 3-Deazaneplanocin A (DZNEP) pretreatment was also carried out where needed. 9 Each experiment was performed at least in triplicate.
siRNA Transfection
Human retinal endothelial cells were transfected with Lincode Human CDKN2B-AS1 siRNA (5 nmol/L; Dharmacon, Chicago, IL, USA) or silencer siRNA CDKN2B-AS (5 nmol/L; Ambion, Austin, TX, USA) using Lipofectamine2000 (Invitrogen, Burlington, ON, Canada). Scrambled controls were used. The cells were transfected for 3 hours and recovered in full media overnight. Cells were then incubated in media with various glucose levels as previously described by us. 9 Gene knockdown was verified by real-time RT-PCR, which showed »70% reduction of ANRIL expression (compared with scrambled control).
Animals
All procedures were conducted in accordance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. All animals were cared for according to the guiding principles in the care and use of animals. Western University and Animal Care and Veterinary Services approved the experiments. All experiments conform to the guide for care and use of laboratory animals published by the National Insitutes of Health (NIH Publication 85-23, revised in 1996).
ANRIL knockout (KO) mice with a 70-kb deletion on chromosome 4 (129S6/SvEvTac-Del[4C4-C5]1Lap/Mmcd), corresponding to the 58-kb interval on chromosome 9p21 in humans, were used. 38 The ANRILKO mice were obtained from Mutant Mouse Resource & Research Centre (MMRC, Davis, CA, USA) and administered five doses of streptozotocin (STZ) intraperitoneally (50 mg/kg in citrate buffer, pH 5.6) on alternate days. Age-and sex-matched littermate controls received identical volume of citrate buffer. Diabetes was confirmed by measuring blood glucose (>20 mmol/L) from a tail vein using a glucometer. Animals were monitored for changes in body weight and blood glucose. After 8 weeks of diabetes, mice were euthanized, and tissues were collected.
Microarray
For lncRNA microarray analysis, HRECs were incubated with various levels of glucose. Cellular RNA was extracted using RNA isolation kit (Ambion, Carlsbad, CA, USA). Custom analysis of lncRNA expression profiling was performed by Arraystar, Inc. (Rockville, MD, USA).
RNA Analysis
RNA was extracted with TRIzol reagent (Invitrogen, Carlsbad, CA, USA) as previously described. 37 Complementary DNA for PCR was synthesized using high-capacity cDNA reversetranscription kit (Applied Biosystems, Burlington, ON, Canada). Real-time RT-PCR to detect mRNA expression was done in the LightCycler (Roche Diagnostics, Mississauga, ON, Canada). Housekeeping gene b-actin mRNA was used to normalize the data.
microRNA Analysis microRNA was isolated using mirVANA miRNA isolation kit (Ambion, Austin, TX, USA). 8, 34, 37 Complementary DNA for PCR was synthesized with high-capacity cDNA reverse-transcription kit (Applied Biosystems). Real-time RT-PCR was performed with TaqMan miRNA Assays (Applied Biosystems) in a LightCycler (Roche Diagnostics). miR-200b expression levels were normalized to housekeeping gene U6.
Enzyme-Linked Immunosorbent Assay
An ELISA was performed to measure the expression of VEGF protein using a commercially available kit (ALPCO, Salem, NH, USA; R&D Systems, Minneapolis, MN, USA) according to the manufacturer's instructions. 34 
Tube Formation Assay
Human retinal endothelial cells (1.5 3 10 4 /well) were seeded on BD Phenol Red-Free Matrigel matrix (100 lL/well; BD Biosciences, Bedford, MA, USA) into a 96-well plate. After 1-hour incubation at 378C, growth medium was replaced with serum-free medium containing appropriate amounts of glucose. 9 Recovery experiments were performed by incubating treated cells with VEGF (20 ng/mL). Pictures were taken at 403 magnification using a Nikon Diaphot microscope (Nikon Canada, Mississauga, ON, Canada) with a PixeLINK camera (PixeLINK, Ottawa, ON, Canada). Images were captured from at least two field views per plate. Branch points were counted for each treatment and plotted graphically.
Cell Proliferation Assay
Cell proliferation was analyzed colorimetrically by quantifying cleavage of WST-1 (Roche Diagnostics) by mitochondrial enzymes. Transfected HRECs were seeded at density of 2 3 10 4 cells per well in 96-well plates and cultured overnight. Cells were serum starved and treated with various glucose levels for 48 hours. At the end of the time point, 20 lL WST-1 was added to each well and incubated for 1 hour at 378C. Absorbance was measured at 490 nm. 39 
Fluorescence In Situ Hybridization
Cells were seeded at 75% confluency in 12-well plates and treated with various glucose levels for 48 hours. Fluorescence in situ hybridization (FISH) was performed according to the manufacturer's protocol (biosearchtech.com/ stellaris protocols). 40 The probes were custom designed using the Stellaris 
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RNA Immunoprecipitation
The RNA immunoprecipitation (RIP) assay was conducted using the Magna RIP RNA-Binding Protein Immunoprecipitation Kit (Millipore, Etobicoke, ON, Canada) following the manufacturer's instruction. 41 Anti-EZH2 or anti-p300/CBP antibodies and IgG (control) were used for RIP (Millipore). Coprecipitated RNAs were detected with real time RT-PCR.
Immunohistochemistry
Mouse retinal sections were immunocytochemically stained for IgG using anti-mouse IgG antibody (MP Biomedicals, Solon, OH, USA) as previously described. 42 The stains were arbitrarily scored (0-3) in a masked fashion.
Statistical Analysis
Data are expressed as mean 6 SEM. To determine statistical significance, 1-way ANOVA followed by Tukey's post hoc test was performed as appropriate, using fixed-level testing with a level of significance set at 5%. GraphPad Prism 5 (GraphPad, San Diego, CA, USA) software was used for statistical analysis.
RESULTS

Glucose Regulates ANRIL Expression
The primary aim of this study was to identify the roles of glucose-induced alterations in lncRNA, to mediate gene transcription in the pathogenesis of diabetic retinopathy. As endothelial cells are primary targets of glucose-induced damage, we used these cells to perform our in vitro studies. Vascular endothelial growth factor is reported here as a downstream molecule that is regulated by ANRIL. Hence, HRECs were used to investigate alterations in ANRIL expression and its effect on VEGF expression and function. Human retinal endothelial cells were exposed to 25 mM D-glucose (HG) environments for various time points, using 5 mM Dglucose (NG) glucose levels as controls. We observed HG induced elevation in VEGF expression in a time-dependent manner, with highest expression at 48 hours (data not shown). Hence, for subsequent expression analysis, 48-hour glucose incubation was used. Microarray analysis conducted on HRECs after 48-hour HG incubation showed a 2.5-fold elevation in ANRIL (Fig. 1A) . The results were validated by real-time RT-PCR (Fig. 1B) . A significant (»1.8-fold) increase was seen with HG. Such relatively smaller increase may possibly be explained by relatively small sample size. However, no significant ANRIL alteration was seen following 25 mM L-glucose (osmotic control) incubation (Fig. 1B) . We performed RNA FISH for ANRIL to examine its cellular distribution and to detect its subcellular localization. We used custom designed RNA FISH probes consisting of 34 complementary oligonucleotides, each 20 bases long and labeled with a 3 0 end flurophore tag. This approach has been shown to be highly specific for RNA detection. 43 Glucose-induced upregulation of ANRIL expression was confirmed by this technique. No change in subcellular distribution was noted following incubation with HG (Figs. 1C,  1D) . Interestingly, the cells showed both cytoplasmic and nuclear distribution of ANRIL, although predominately localized in an around the cytoplasmic side of the nuclear envelope (Fig. 1C) .
ANRIL Regulates Glucose-Induced Expression and Function of VEGF
We then proceeded to investigate mechanisms and significance of glucose-induced ANRIL upregulation. ANRIL has been shown to interact with the PRC2 complex that regulates VEGF expression. 9, 31 The role of ANRIL in VEGF regulation was explored by knocking down ANRIL levels using siRNAs in HRECs. We used two siRNAs. As both gave similar results, data from one are shown. VEGF upregulation at mRNA and protein levels is characteristic of exposure of ECs to high levels of glucose. Such upregulation was prevented following ANRIL siRNA transfection, showing a direct regulatory relationship (Figs. 2A, 2B) . As a functional parameter, we examined VEGFmediated angiogenesis using tube formation assays on HRECs. Glucose-induced increased tube formation was prevented by ANRIL silencing. In addition, such reduction in siANRILtransfected cells was rescued on further incubation with VEGF (Figs. 2C, 2D ). The WST-1 assay further revealed that cell proliferation was inhibited in siANRIL-transfected cells compared with scrambled controls. Meanwhile, rescue experiments showed that VEGF incubation increased the cell proliferative ability in ANRIL-transfected cells both in LG and HG (Fig. 2E) .
Diabetes-Induced Retinal VEGF Upregulation and Function Are Prevented in the ANRILKO Mice
With goals to translate our findings and establish the observation in diabetic conditions, we used ANRILKO mouse models. Due to the uncharacterized ANRIL mouse RNA sequence, as per standard practice, its expression in mice was measured using p15 as a surrogate marker for ANRIL (Fig.  3B) . 38 The wild-type and knockout animals following STZ induction were monitored for a period of 2 months. Diabetic mice demonstrated hyperglycemia (Fig. 3A) , polyuria, glycosuria, and reduced body weight gain, which are distinctive of poorly controlled diabetes (data not shown). ANRILKO had no effect on these parameters except for urine volume. Urine findings are further being investigated and will be reported separately.
We examined retinal tissues from the diabetic and control animals and analyzed for ANRIL and VEGF expression. ANRIL upregulation was observed in the retina of wild-type diabetic animals. In addition, VEGF mRNA and protein levels were elevated in diabetes. All such changes were prevented in the ANRILKO diabetic animals (Figs. 3C, 3D) .
We stained the retinal tissues for IgG. Extravasated IgG is a marker for increased permeability, a functional effect of VEGF. 45 Diabetes caused increased retinal microvascular permeability in wild-type diabetic animals (score 3, compared with score 0 in wild-type controls), which was prevented in the retina of diabetic ANRILKO mice (score 1; Fig. 3E ). These observations suggested that ANRIL regulates VEGF expression and its functional consequences in diabetic retinopathy.
ANRIL Causes VEGF Upregulation Through PRC Complex
We carried out additional in vitro experiments to gain mechanistic insight of ANRIL's actions as seen above. We previously showed that glucose-induced miR200b-mediated VEGF upregulation works through the PRC2 complex. 9 PRC2 is part of transcriptional-repressive complexes PRCs (PRC1 and PRC2) and consists of many subunits (e.g., EZH2, EED, SUZ12, and RpAp46/48). 46 These complexes are critical in the epigenetic regulation of the CDKN2A/B locus. 31, 47 Hence, we examined whether ANRIL has any regulatory relationship with the PRC2 complex in diabetic retinopathy. We measured expression of EZH2, which was upregulated in HRECs on exposure to HG, and in the retina of diabetic animals (Figs. 4A,  4D) . 9 ANRILKO resulted in a significant downregulation of EZH2 levels (Figs. 4A, 4D ). EED expression levels were similarly altered, whereas SUZ12 levels remained unaffected (Figs. 4B, 4C, 4E, 4F ).
To establish a cause-effect relationship, we used DZNEP, a global methylase blocker, to inhibit PRC2 activity. All components of the PRC2 complex were suppressed by this methylase blocker (Figs. 4G-4I) . 48 This blockade resulted in reduction of mRNA expression levels for both VEGF and ANRIL (Figs. 4J, 4K) , suggesting a regulatory effect of PRC2 on ANRIL and VEGF.
ANRIL Acts Through p300 and miR200b
We have previously shown that VEGF is also regulated by miR200b through p300. 8 We explored the relationship of ANRIL in this context. Interestingly, we found that reduction in ANRIL expression using siRNA resulted in correction of glucose-induced upregulation of p300 (Fig. 5A) . In retinal tissues of control and diabetic animals, ANRILKO also significantly reduced expression of p300 (Fig. 5B) . These findings indicate that ANRIL regulates glucose-mediated increase in p300 in diabetic retinopathy. 8, 34 To further examine possible feedback regulation of ANRIL by p300, we silenced p300 in HRECs (such silencing led to »75% reduction in p300 mRNA expression) and observed no effect of this alteration on ANRIL expression (Fig. 5C ). On the other hand, ANRIL silencing also reduced glucose-induced miR200b downregulation (Fig. 5D) .
We further established possible interaction of ANRIL with EZH2 component of PRC2 and p300 thorough RNA-IP assay in HRECs. ANRIL expression levels were determined by real-time RT-PCR on the samples immunoprecipitated using specific antibodies to EZH2 and p300 (Figs. 5E, 5F ). Binding of ANRIL to p300 was significantly elevated when exposed to high glucose levels. There was also increase in EZH2 binding to ANRIL under HG. These data strongly indicate that ANRIL directly binds to both p300 and EZH2 when exposed to high levels of glucose.
DISCUSSION
In this study, we demonstrated that lncRNA ANRIL is upregulated in response to high levels of glucose. ANRIL regulates glucose-mediated upregulation of VEGF through its interaction with p300 and PRC2 components in glucoseexposed ECs and in the retinal tissue of diabetic animals.
Present-day treatments for proliferative diabetic retinopathy revolve around destructive treatments of laser photocoagulation, vitreo-retinal surgery, and blocking VEGF signaling. 49 Targeting the transcriptional process may constitute a novel approach. The majority of human genome sequences studied until now are protein coding, which comprises only 1.5% of the entire genome. 50 Recently, focus has been drawn onto the remaining noncoding area of the genome and its importance in normal development and relevance in diseases. 51 Noncoding RNAs generated from noncoding areas, when functional, exerts regulatory activities independent of the protein-encoding route. Hence, they constitute potential drug targets. 52 Here we focus on a specific lncRNA in diabetic retinopathy.
The various roles of lncRNAs include modulation of alternate splicing, chromatin remodeling, cis/trans-acting regulators of gene expression, and RNA metabolism. [53] [54] [55] [56] Dysregulation of target genes leads to abnormal lncRNA expression responsible for cellular defects and disease progression including carcinogenesis and neurodegeneration. 51, 57 Our study demonstrates an important and novel regulatory role of lncRNA ANRIL in VEGF regulation in diabetic retinopathy.
Originally identified from familial melanoma patients, ANRIL is a potential target for cardiovascular diseases. 24 It has been known to be associated with diabetes, open angle glaucoma, and various cancers. 58 We found that ANRIL binds to both p300 and EZH2 of the PRC2 complex to regulate VEGF expression, characteristic of retinal degeneration in diabetes. Microarray analysis followed by cellular and tissue data confirmed the glucose-mediated upregulation of ANRIL. Interestingly, ANRIL showed perinuclear localization in HRECs. In contrast, ANRIL has been previously reported to show nuclear expression in gastric cancer. 33 However, lncRNAs have been observed to show cell-to-cell variability in expression patterns. 59 Histone methylation and acetylation are well-characterized epigenetic marks implicated in diabetic complications. 60 ,61 Histone methylation involves transfer of methyl groups to amino acid residues by histone methyltransferases such as EZH2 (PRC2 complex). 62 In some tumors, increased EZH2 promotes VEGF stimulation and subsequent angiogenesis. 63 In our experiments, in ANRIL-silenced HRECs and in ANRILKO mice, reduced levels of VEGF were accompanied by EZH2 reduction. EZH2 blockade resulted in reduction in ANRIL and VEGF RNA expression, showing a cause-effect relationship. We previously demonstrated the interaction of miR200b with SUZ12 of the PRC2 complex in the regulation of VEGF. 9 The upregulation of miR200b in siANRIL-transfected HRECs suggests another interaction of ANRIL with mir200b in the regulation of VEGF.
Diabetic ANRILKO animals and HRECs in HG following ANRIL siRNA transfection showed reduction in p300 mRNA expression. We previously demonstrated that p300 is upregulated in diabetes and it controls multiple gene expressions. 64 We have previously shown miR200b-dependent increased production of p300 in diabetic retinopathy, 8 and that glucose-induced upregulation of VEGF was prevented by p300siRNA. 34 Retinal tissues from ANRILKO diabetic animals showed downregulated expression of p300 along with the lowering of VEGF. Furthermore, the RNA-IP assay revealed significantly stronger binding of ANRIL with p300 after exposure to HG. Hence, another route of ANRIL regulating VEGF may be mediated through its effect on the transcriptional regulator, p300. To the best of our knowledge, this is also the first direct demonstration of ANRIL-mediated p300 regulation in diabetes. A schematic of the regulatory process as observed in this study is outlined in Figure 5G .
Numerous lncRNAs associate with and possibly target histone-modifying activities. 59 Long ncRNA scaffolds are now known to organize the concerted activities of chromatinmodifying complexes spatially and temporally. 65, 66 For example, HOX transcript antisense RNA (HOTAIR) associates with PRC2 and Lys-specific demethylase 1 (LSD1).
67 PRC2 and LSD1 are responsible for the deposition of the repressive histone marks and removal of active histone marks, respectively. Recently, in other systems, overexpression of ANRIL is known to change p300, mediating epigenetic modifications. 32 Hence, a pattern of combined interaction of ANRIL with PRC2 and p300 might be an important mechanism in its regulation of VEGF in diabetic retinopathy. Hence, ANRILmediated VEGF upregulation is not direct and is mediated by the aforesaid molecules. However, it is possible that additional molecules, including other lncRNAs and other mediators, may potentially be involved in such regulations. Such pathways need additional investigation.
Although there are no previous reports on ANRIL alterations in diabetic retinopathy, recently another lncRNA myocardial infarction associated transcript (MIAT) has been shown to be upregulated in diabetic retinopathy. 68 However, exact pathways for ANRIL upregulation in the genome are not clear. Long ncRNAs are under the same regulatory process as that of coding genes. 69 Hence, hyperglycemia-induced oxidative stress and subsequent alterations of transcriptional machinery may also potentially regulate such process.
In summary, we showed that, in the retinal endothelial cells, glucose causes upregulation of ANRIL. This upregulation is responsible for altered VEGF expression and function. We further confirmed these novel findings in ANRILKO mice with STZ-induced diabetes. The regulatory effect of ANRIL on VEGF was mediated by interactions of ANRIL with components of the PRC2 complex and the histone acetylator p300. The current data from this study shed light on a potentially new, targeted method to prevent diabetic retinopathy using an RNAbased approach.
